The G proteins of mammals transduce extracellular hormonal signals and sensory stimuli into a diverse array of cellular responses. They all use a common molecular mechanism, a guanine nucleotide-binding protein, to perform a three-step task: stimulated by a signal-detecting protein (a cell-surface receptor or photon detector) the G protein releases G D P and binds GTP. Then, in the GTP-bound conformation. the protein regulates the function of an effector element, usually an enzyme or ion channel. Regulation of the effector ceases when the G protein hydrolyses bound GTP to G D P and returns to its basal inactive state.
The functions and biochemical properties of three G proteins are well defined. G, mediates stimulation of cyclic AMP synthesis by adenylate cyclase in reponse to stimulation of a variety of cell-surface receptors for biogenic amines Abbreviations used: PDE. phosphodiesterdse; PLC, phospholipase C; 2,. u , . uG,. u,, and u12. sc-chains of G , . G , . G , and transducins-l and -2; /I:,. /Pi,, and y,,. the indicated subunits of G, and transducin-I; EF. elongation factor.
(e.g. [j-adrenergic catecholamines) . peptides (e.g. glucagon) and prostaglandins. G, mediates inhibition of adenylate cyclase by a different set of receptors for other ligands, such as r,-adrenergic amines, somatostatin, adenosine and opioids. Transducin-I , the G protein of retinal rod cells, stimulates a cyclic G M P phosphodiesterase (PDE) in response to photoexcited rhodopsin. G, and transducin-I are substrates for ADP-ribosylation by the exotoxin of Vihrio clzolerac., a covalent modification that stabilizes the active, GDP-bound conformation of the G proteins and augments effector stimulation. Similarly, G, and transducin-1 are substrates for ADP-ribosylation by a second bacterial toxin, that of Bordetelku pertu.s.si.s; this covalent modification impairs the ability of the G proteins to interact with their signal detector elements and thereby reduces signal transduction. The functions and biochemistry of these G proteins are reviewed in detail elsewhere (Gilman. 1984; Stryer & Bourne, 1986) .
In addition to these three G proteins, recent biochemical and cDNA cloning experiments have established or suggested the existence of others. Thus, colour vision in cone cells of the bovine retina appears to be mediated by transducin-2; although both transducins stimulate the activities of similar effectors (cyclic G M P PDEs), cDNA clones (Lochrie et a/., 1985) and antibody studies (C. L. Lerea, D. E. Somers, I. B. Klock, A. H. Bunt-Milam & J. B. Hurley, unpublished work) indicate that they are structurally distinct. Go, identified as a substrate of pertussis toxin, is highly abundant in mammalian brain, although its function is unknown (Neer r t d., Sternweis & Robishaw, 1984) . In addition, cDNA clones indicate the existence of at least two G,-like proteins, both of which can be expressed in a single cultured cell type (Y. Kaziro, personal communication) .
Studies of GTP-depmdent effector functions point to the existence of even more types of G proteins. Thus, a variety of hormones and other ligands stimulate phospholipase C (PLC) in a GTP-dependent fashion in membranes of many mammalian cells. The products of the PLC reaction, inositol trisphosphate and diacylglycerol, respectively mobilize intracellular Ca'+ and stimulate protein kinase C (Berridge & Irvine, 1984) . In neutrophils and mast cells, ligand stimulation of PLC is blocked by treatment with pertussis toxin, suggesting that a G,-or G,,-like molecule may be responsible for transducing these signals (see, for example, Nakamura & Ui, 1984; Goldman et ul., 1985) . In other cells, however, pertussis toxin has no effect on GTP-dependent stimulation of PLC; in these cells, the G protein responsible has not been identified (see Evans et ul., 1985; Pobiner et al., 1985) . Other studies suggest that pertussis toxin-sensitive G proteins couple muscarinic receptors to regulation of ion channels (Breitwieser & Szabo, 1985; Pfaffinger et ul., 1985) .
Structure und mechunism
Each of the G proteins is a heterotrimer composed of a, [j and 7 subunits. The a-chains contain the site for binding and hydrolysing GTP, are responsible for regulating each G protein's effector, and confer on each G protein its specificity for interacting with a subset of signal detector proteins. This group includes r, (52 and 45 kDa), a, (41 kDa), ro (39 kDa), a,, and at? (both 39kDa). Although the G proteins are attached to the cytoplasmic face of the plasma membrane. their a-subunit chains are soluble in aqueous solution when separated from fi and y (Sternweis, 1986) . The apparent function of the / j y complex is to attach the G protein to the membrane. /b, and [fit, can function interchangeably in supporting photorhodopsin-stimulated hydrolysis of G T P by a,, (Kanaho et al., 1984) . Because fly, and [{yo are more hydrophobic than f l y , (Sternweis, 1986) , the 7 subunits of G, and G,, (and probably G,) are probably responsible for anchoring these proteins to the cell membrane.
Investigations of light activation of rod cell PDE and hormonal regulation of adenylate cyclase have established a general scheme for the function of G protein subunits in signal transduction (for reviews, see Gilman, 1984) . Activation of the detector element by light or hormone promotes binding of the detector to the xfly heterotrimer and accelerates the rate of exchange of GTP for bound GDP. Binding of G T P then causes a and f l y to dissociate from one another and from the detector element. Free a-GTP then activates the effector enzyme until its hound GTP is hydrolysed. Then a-GDP re-associates with the [ly complex and the inactive afly heterotrimer awaits activation by another activated detector molecule.
One advantage of this complex transduction mechanism is that the G proteins physically and temporally separate detection of the signal from activation of the effector. Thus, the duration of effector activation depends upon the longevity of GTP on the a-chain's GTP-binding site, rather than upon the duration of a detector-ligand complex. For example, a,-GTP can stimulate adenylate cyclase for tens of seconds, until the GTP is hydrolysed, although the ligand-receptor interaction that triggered activation of G, may last for a much shorter time; consequently, agonists can fully stimulate adenylate cyclase at concentrations well below their affinity constants for binding to receptors. In the retina, the same mechanism provides enormous amplification of the photon signal; a single photoexcited rhodopsin molecule can activate hundreds of PDE molecules by promoting binding of GTP to a like number of transducin-l molecules .
Relation to other ,families of GTP-binding proteins
The G proteins are related to at least two other protein families, the elongation factors (EF) of ribosomal protein synthesis and the 21 kDa products (p21) of the ras oncogenes and proto-oncogenes. Functional similarities among these three protein families have been appreciated for some time. cDNA cloning has recently revealed limited but significant structural homologies between the G protein achains and the other two protein families, as discussed in a subsequent section.
EF-Tu, the most abundant of the GTP-binding proteins involved in bacterial protein synthesis, undergoes a GTPdriven cycle of association and dissociation reactions (Kaziro. 1978) closely resembling that of the G proteins. Inactive in its GDP-bound state, EF-Tu can release its G D P and bind GTP only with the help of a second protein, Ts, which acts as an analogue of the G protein signal detector elements (although Ts does not detect any known ligand). Binding of GTP enables EF-Tu to bind aminoacyl-tRNA and carry it to an acceptor site on the ribosome. Aminocyl-tRNA, and perhaps the mRNA-ribosome complex, is analogous to the G protein effector elements. I f the aminoacyl-RNA has paired appropriately with the messenger codon, EF-Tu hydrolyses its GTP molecule and awaits binding of another Ts molecule before re-entering the cycle.
Although the rus proteins are biochemically less well understood than EF-Tu, their functions are probably more closely analogous to those of the G proteins. The ras proteins bind and hydrolyse G T P and are attached, like the G proteins, to the cytoplasmic face of the plasma membrane. Several oncogenic mutations that reduce the rate of GTP hydrolysis by the ras proteins also enhance their capacity for producing malignant transformation (summarized by Bishop & Varmus, 1985) . These activating ras mutations may be viewed as producing an effect similar to that of ADPribosylation of G, and transducin-l by cholera toxin. In Succkuromycx~s cerevisiac, the ras protein analogues of mammalian p2 lru' utilize adenylate cyclase as their effector. rus mutations that reduce GTPase activity greatly enhance stimulation of yeast adenylate cyclase, just as they enhance biological activity of ~21'"' in mammalian cells. Furthermore, ~21'"' proteins can substitute for ras proteins in supporting GTP-dependent activity of yeast adenylate cyclase (Broek et al., 1985) . Taken together, these findings strongly suggest that the mammalian rus proteins may act as signal transducers in pathways that promote cell proliferation. The putative effector and signal detector elements associated with ~21'"' remain unknown.
Neither EF-Tu nor the ras proteins are known to be associated with polypeptides analogous to the [jy complex of the G proteins. In the case of p21r"', anchoring to the membrane is mediated by fatty acylation of a conserved cysteine residue located four positions from the C-terminus (Willumsen et al., 1984) . Interestingly, C-terminal amino acid sequences of the ras polypeptides and of several ras-like proteins show significant homology with the C-terminal sequence of y,, . which has a cysteine residue in the same position (Hurley et al., 1984) . Because the G protein ?-subunits, like the C-termini of the rus proteins, appear to serve as membrane anchors, the homologous sequences hint at an interesting scenario. The G proteins may have originated from a common ras-like precursor, which duplicated and diverged; one branch gave rise to the G protein ?-subunits that anchor to the mem-brane. while the other evolved into the GTP-binding rchains.
A m o d d fbr a-chain .structurr and function
Determinants of the G proteins' specificity in signal transduction reside principally in the a-chains. These are highly versatile polypeptides, capable of interacting with [ j y complexes, signal detector elements, effector elements and guanine nucleotides, as well as bacterial toxins. How can a chai;; of 35@400 residues perform all of these functions? Although the three-dimensional structures of these polypeptides will not be known until they are crystallized and their structures solved, c D N A cloning has revealed the primary sequence of five a-chains, tl,, a,, a,,, a,, and a, Sullivan et al., 1986) . Using these five amino acid sequences, we have predicted the secondary structure of a composite G protein r-chain. Features of this composite a-chain secondary structure. combined with results of biochemical studies of the G and ras proteins, suggest a testable model of the structure and function of r-chains. Details of this model will be published elsewhere (S. B. Masters, R. M. Stroud & H. R. Bourne. unpublished work); here we will describe its principal features.
The core of the a-chain model is a guanine nucleotidebinding domain. The putative three-dimensional structure of this domain is inferred from the crystal structure of the GDP-binding domain of EF-Tu (Jurnak. 1985) . Our model depends upon the location of four short stretches of amino acid sequence in a predicted three-dimensional a-chain guanine nucleotide-binding site. These stretches of conserved a-chain sequence match sequences of key regions of the EF-Tu GTP-binding domain. Furthermore, mutations at positions homologous t o these stretches of sequence in the ras proteins provide insights into the relation between structure and function of a guanine nucleotide-binding mechanism that is shared by all three protein families. Halliday (1984) first pointed out four stretches of sequence that show the greatest homology among the ras polypeptides and bacterial EFs. In the three-dimensional structure of EF-Tu. each of these regions is situated a t a turn between a fi-structure and a n a-helix; side chains of specific residues in or near these turns interact with the bound G D P molecule (Jurnak. 1985) . The predicted secondary structure of the composite a-chain surrounding these homologous regions closely resembles the known secondary structure of EF-Tu. This allowed us to predict a three-dimensional GDP-binding site for the composite a-chain, patterned after
In the predicted a-chain binding site, a s in EF-tu, opposite ends of the G D P molecule interact with conserved aspartate residues, a t positions corresponding to residues 196 and 268 of a,,. In EF-Tu (Jurnak, 1985) , the first of these aspartates forms a salt bridge with a ME'+ ion that in turn is coordinated with the p-phosphoryl of G D P . The second aspartate is bound to the amino substituent of the guanine ring of G D P . It is easy to imagine that binding of G T P rather than G D P at the site would require an increase in the distance between these two aspartate residues. with resulting conformational changes in the rest of the molecule.
Two mutational substitutions in the presumptive guanine nucleotide-binding site of ~21'"' are particularly instructive. Replacement of a conserved glycine a t position 12 in c-Haras (corresponding to glycine-38 in r I l ) decreases the protein's GTPdse activity and increases its ability to cause malignant transformation (for review, see Bishop & Varmus, 1985) . In EF-Tu and in the predicted r-chain structure. this glycine is at the centre of a loop near the B-phosphoryl of G D P . The second ras mutation (Sigal r t a/., 1 9 8 6~) subVol. 15 that of EF-Tu. stitutes alanine for the conserved aspartate residue (corresponding to position 268 in a , , ) that interacts with the guanine amino group in EF-Tu. This mutation reduces the ras protein's affinity for both G T P and G D P but does not alter its affinity for IDP, a nucleotide that lacks the purine amino substituent. The same mutation also increases the ability of the mutant protein both to produce morphological changes characteristic of transformation and also to stimulate adenylate cyclase in yeast membranes (Sigal et a/..  1 9 8 6~) . These effects on biological activity of p21"" are attributed to enhanced rate of exchange of G D P for G T P in the guanine nucleotide-binding site.
Thus, amino acid sequence homologies among the three protein families, combined with a predicted secondary sequence in the a-chains similar t o that of EF-Tu, suggest that the proteins share a guanine nucleotide-binding site similar to that of EF-Tu. Assignment of specific sequences to the guanine nucleotide-binding site of the G protein a-chains also creates a model in which the remaining sequences of the a-chains are divided into three additional domains. In this way the sequences involved in guanine nucleotide binding serve to order other domains of the protein, just as hydrophobic stretches of amino acid sequence in transmembrane proteins demarcate presumptive extracellular and cytoplasmic domains. We have assigned tentative functions t o the three additional r-chain domains. as follows:
Domain I. This domain includes the N-terminal residues of the r-chains preceding the GDP-binding domain (residues 1 -31 in a , , ) . In all the a-chains. this domain is quite hydrophilic and has a predicted a-helical structure.
Biochemical studies of r,, suggest that this domain may be involved in controlling interactions of the a-chains with the / j y complex. Tryptic cleavage of the N-terminal I8 residues of r,, destroys its ability to hydrolyse G T P in the presence of /I? and photorhodopsin (Fung. 1983) and also prevents pertussis toxin-catalysed ADP-ribosylation of cysteine-347. near the polypeptide's C-terminus (B. Fung, personal communication). Because /I; is required for both these interactions of xlI, these results suggest that the N-terminus is necessary for binding to f l y . It is unlikely, however, that domain I contains the major contact site of the r-chains for B y , because the primary structure of this domain diverges widely among the five a-chains. The putative contact site with f i y should be highly conserved, because / j y itself is structurally and functionally conserved. Domain II. This domain. corresponding to residues 5& I78 in a,,, is interposed between the presumptive phosphoryl-binding and Mg2+ -binding regions of the guanine nucleotide-binding domain. Its predicted secondary structure includes amphipathic r-helices and /I-sheets. In all the r-chains, this domain is much larger than the corresponding regions of EF-Tu (41 residues) and p21""(only 18 residues).
Analogies with EF-Tu and p21"" suggest that domain I 1 may contain sites for GTP-dependent interaction of rchains with their effector elements. In EF-Tu, the corresponding region is thought to interact with aminoacylt R N A in a GTP-dependent fashion (Laursen Ct a/.. 1981) . Similarly, mutational substitutions in the corresponding region of ~21'"' abolish the ray protein's biological activities (morphological transformation and stimulation of yeast adenylate cyclase) without affecting guanine nucleotide binding (Sigal c t a/., 19866) . We predict that G T P will be found to alter the conformation of this domain of the rchains, allowing them to stimulate effectors.
Binding of G T P to the a-chains also alters their affinity for /I?, causing dissociation of r from the [I? complex. The r-chain contact site with f i y may also be found in domain I I . Domain //I. This domain includes the sequences of the a-chains distal to the guanine nucleotide-binding site (corre-sponding to residues 271b350 of rIl). Its predicted secondary structure includes a high proportion of p-sheet, with a predicted a-helix in the 25 residues at the extreme C-terminus. Several kinds of evidence suggest that this domain, and particularly its last 21 residues, forms at least part of the contact site for signal detector elements coupled to the G proteins.
Firstly, this region in rll and aIz shows impressive sequence homology to an internal region of another retinal protein, arrestin (Wistow ef d., 1986 ). Arrestin competes with transducin for binding to photorhodopsin and prevents transducin's light-dependent activation. In addition, ADP-ribosylation by pertussis toxin prevents transducin-l and G , from interacting with their appropriate signal detector elements (Van Dop ef ul., 1984; Ui et al., 1984) . This effect could result from steric hindrance by the ADPribose attached by pertussis toxin to a conserved cysteine four residues from the C-terminus of these two a-chains. Furthermore, the distribution of charged amino acids on the surfaces of predicted a-helices at the C-termini of the different a-chains correlates with the pattern of specificity shown by these chains in interacting with different detector elements. Thus, photorhodopsin briskly stimulates G T P hydrolysis by both rll and r , (Kanaho et ul., 1984) chains in which the C-terminal 21 residues are 90% identical. The sequence of a, in the same region differs markedly from those of z,, and a , ; G, interacts very poorly with rhodopsin, but quite well with P-adrenoceptors (Cerione c't af., 1985) .
Recent immunological studies also suggest that the contact site of with rhodopsin is located near the C-terminus of the r-chain. H. Hamm (personal communication) has found that monoclonal antibodies directed against a,, sequences just proximal to the predicted C-terminal a-helix specifically block interaction of the a,, with rhodopsin.
Futurc prospivts
Biochemical studies of the G proteins and EF-Tu, as well as analysis of p21"" by site-directed mutagenesis, provide a rough picture of how the predicted structure of the G protein a-chains changes its conformation to transduce signals across membranes. In the G proteins' inactive conformation the core domain of the a-chain binds GDP. Binding of an active signal detector molecule, probably to the C-terminal domain of the a-chain, switches the guanine nucleotidebinding site into an open conformation, releasing bound G D P and allowing GTP to enter the site. Entry of GTP into the site causes another change in conformation of the protein, somehow reducing its affinity for binding f l y and increasing its affinity for effector; the effector-and py-binding regions may be located in a domain budded out from a loop between two regions of the guanine nucleotide-binding domain. Finally, the r-chain hydrolyses bound G T P to G D P and returns to its inactive state.
Molecular understanding of this complex set of conformational changes will require solution of the crystal structures of different conformational states of the G proteins. Several laboratories are already trying to crystallize retinal transducin. Meanwhile, however, site-directed mutagenesis of r-chains and their expression from recombinant vectors will make it possible to refine the working model of their structure and to assign functions to specific domains of the polypeptides.
